Background The safety and the effects of different trajectories on thumb motion of suture-button suspensionplasty post-trapeziectomy are not known.
Introduction
The thumb carpometacarpal joint is a diarthrodial joint composed of two saddle-shaped bones that articulate orthogonally to each other [17] . This unique anatomy of the joint allows the thumb to perform complex movements necessary for activities of daily living [3] . For stability, several ligaments surround and form the capsule around the joint. The most important of these ligaments is the palmar beak ligament due to its intracapsular location [27] . Weakening of the palmar beak ligament is thought to increase joint subluxation, decreasing contact area and thus increasing metacarpal stress on the trapezium. This leads to articular cartilage damage and osteoarthritis (OA) progression. The degree of weakening of the palmar beak ligament has been correlated with degenerative processes in the joint [8] .
Degenerative OA at the thumb CMC joint is a common condition often initially treated non-operatively with activity modification, splinting, medication, and intra-articular corticosteroid injections [33] . Once these measures have failed, a variety of surgical options are available. These include volar ligament reconstruction [14] , first metacarpal osteotomy [16, 22, 26, 32] , CMC joint arthrodesis [15, 24] , total joint arthroplasty [1] , and trapeziectomy [9, 12] . Trapeziectomy may be performed alone or with tendon interposition, ligament reconstruction, or ligament reconstruction combined with tendon interposition [2, 5, 6, 13, 20, 21] . Comparative meta-analyses have shown no significant long-term differences among these techniques [19, [28] [29] [30] , except that trapeziectomy alone has the lowest incidence of complications [29, 30] . Since there are no long-term differences among techniques, efforts have been made to identify procedures that offer better short-term outcomes.
Historically, following trapezial excision (either complete or partial), a Krischner wire (K-wire) has been used to stabilize the thumb metacarpal since fixation is necessary to prevent subsidence into the newly created CMC space after the trapezium is partially or fully removed. However, K-wire fixation of the thumb immediately following trapeziectomy limits mobilization of the thumb. K-wires are not typically removed until at least 4 weeks after surgery, which physically immobilizes the thumb and prolongs the recovery period.
A technique that utilizes a suture button (SB) implant to resist subsidence following trapeziectomy was recently described [4] . The SB implant produces a similar suspension effect as the K-wire but is implantedbeneath the skinand therefore allows mobilization of the thumb earlier. This technique provides similar stability as K-wire fixation [34] , and complications such as pin track infections and general irritation of the skin by K-wires may be eliminated.
The SB device is typically placed from the base of the first metacarpal to the metadiaphyseal junction of the second metacarpal [4] . However, it is unclear whether deviating from this trajectory affects range of motion. That is, a distal placement of the device on the second metacarpal could theoretically alter the vector dynamics of the device and lead to decreased palmar abduction of the thumb. Thus, we aimed to determine whether placing the SB device distal to the typical metadiaphyseal junction would affect the resulting range of motion and resistance to subsidence of the thumb metacarpal. We also investigated the safety of the SB device by measuring its distance from the nerve to the first interosseous muscle (first DI), the closest major neurovascular structure to the device after both proximal and distal placement,. We hypothesized that different trajectories of the SB device traveling from the thumb metacarpal to the second metacarpal would not alter range of motion, trapezial space height, or the safe distance from important neurovascular structures. Using a cadaveric model, we specifically examined how trajectory location affected range of motion, trapeziectomy space height, and distance between the device and nerve to the first DI.
Materials and Methods
Six matched pairs of fresh cadaveric wrists were utilized for this study. Prior to the procedures, fluoroscopic views of the thumb under manual stress were obtained. Trapeziectomy space heights were measured and were defined as the distance from the distal radial edge of the scaphoid to the radial aspect of the first metacarpal base [34] . In addition, maximal radial abduction and maximal palmar abduction of the thumb were determined as standard measures of thumb range of motion. Open trapeziectomy was then performed, and the thumb metacarpal was suspended with an SB device. The device is composed of four strands of No. 2 Fiberwire (Arthrex, Naples, FL) sutures sliding between a circular and an oblong steel button. It is utilized in other areas of orthopedic surgery such as for ankle syndesmotic repairs [7] , Lisfranc fracture repairs [23] , and correction of hallux varus deformities [11] .
The device was inserted as follows. A 1.2-mm guidewire was drilled from the dorsoradial base of the first metacarpal in a proximal-radial to distal-ulnar orientation to either a proximal (metadiaphyseal junction) or a distal (diaphyseal) location on the second metacarpal. The guidewire was retrieved through a second incision made along the ulnar side of the second metacarpal. With a cannulated 2.7-mm drill, the guidewire was then overdrilled. The drill was removed, and the SB device was passed from the first metacarpal to the second metacarpal. Once the ulnar button was secure on the second metacarpal, the sliding No. 2 Fiberwire sutures were tightened so that the SB device sat flush against the metacarpal bones with no interposing soft tissue. Additional tensioning to ensure the buttons were secure against the first and second metacarpal was achieved at this point. The sutures were tired and the remaining suture was cut and removed.
Fluoroscopic imaging was used to define a "proximal trajectory" as the button's location on the second metacarpal that produced an SB angle of less than 60°from the horizontal, and a "distal trajectory" as the location that produced an SB angle of greater than 60°from the horizontal (Fig. 1) . These measurements were taken using a handheld goniometer. Next, fluoroscopic views were used to detect change in range of motion for radial and palmar abduction from baseline (Figs. 2 and 3), and trapeziectomy space heights for rested and maximally axially loaded thumbs post-trapeziectomy. The maximal proximally directed axial load on the thumb metacarpal was produced by the surgeon. There was a definite endpoint that was achieved that corresponded to all of the slack being removed from the suture button device. Once this occurred, no further proximal migration of the thumb was possible. The trapeziectomy space height in the loaded setting was measured after maximum axial load was placed on the thumb metacarpal and the thumb no longer subsided. The specimens were then dissected to determine the SB device's proximity to the structure most vulnerable to injury from the procedure: the nerve to the first dorsal interosseous muscle (Fig. 4 ). Student's t-test was used to analyze the data with significance set at p<0.05.
One hand surgeon performed all surgeries and measured the trajectory angles. A second investigator, blinded to the testing conditions (which trajectory the SB device was placed), measured the resting and loaded trapezial space height, the range of motion, and distance of the device from the nerve to the first DI. This investigator also performed the data analysis.
Results
Three right and two left (five total) wrists had a proximal trajectory SB placement, and three right and four left (seven total) wrists had a distal trajectory SB placement. The groups were unequal in distribution because the angles were calculated after the SB was placed, and there were fewer SB placements with angles less than 60°compared to those with greater than 60°. The angles produced by the proximal trajectory and distal trajectory group were 31.6±11.7°and 75.3±9.6°from the horizontal, respectively (Fig. 5a ). The changes in radial and palmar abduction from pretrapeziectomy values for the proximal trajectory group were 16.6±7.7°and 21.4±11.7°, respectively, and for the distal trajectory group were 18.9±4.9°and 18.4±10.8°, respectively ( Fig. 5b and c) . These values reflected increased range of motion. There were no significant differences in the change in radial abduction (p00.6) and palmar abduction (p00.7) between the proximal and distal trajectory groups. The percent changes in trapeziectomy space height for resting and loaded thumbs for the proximal trajectory group were 16.8±6.9 % and 19.3±21.6 %, respectively, and 18.7±8.9 % and 15.9±13.6 %, respectively for the distal trajectory group (Fig. 5d and e ). We found no significant differences in the change in resting (p00.5) and loaded (p00.4) trapeziectomy space heights between both groups. Lastly, the distances from the nerve to the first DI were 16.6±0.9 mm for the Fig. 6 Clinical radiographs of complete trapeziectomy performed 24 months ago with a distal SB trajectory (60°) on the left side, and 30 months ago with a proximal SB trajectory (30°) on the right side. There was no difference in range of motion and subsidence between the two thumbs of this patient proximal trajectory group, and 10.8±1.2 mm for the distal trajectory group. In this case, the proximal group had significantly different distances between the SB and the nerve to the first DI (p00.004; Fig. 5f ), but the distance for the distal group was still greater than 1 cm.
Discussion
In this cadaveric study, we demonstrated that the SB's trajectory when passed from the thumb metacarpal to the second metacarpal minimally affects range of motion and resistance to subsidence following trapeziectomy. This suggests that the SB's mechanism of action depends more on the proper tensioning of the device than on the trajectory angle or on any special features of the attachment site along the second metacarpal. The risk of injuring the nerve to the first DI during SB placement is also minimal. Although the proximal trajectory was significantly further away from the nerve compared to the distal trajectory, the distal trajectory was still safely away from the nerve in all specimens (greater than 1 cm).
The SB suspension technique may serve as an alternative to the traditional K-wire fixation method. Suture button suspensionplasty may lead to earlier mobilization of the thumb because of the implanted nature of the device. No soft tissue healing is necessary prior to the onset of range of motion of the thumb, thereby accelerating recovery. Similarly, K-wire related complications such as pin track infections may be eliminated. Further study will elucidate this. Complications and inadequate fixation from the SB device, however, have been reported in other areas of orthopedic surgery [10, 18, 25, 31] . A potential complication from drilling the second metacarpal is metacarpal fracture if the drill is placed too far dorsally. However, with more recent refinement of the technique, a smaller (1.1-mm) guidewire is used to introduce the suture button device and the larger drill is no longer necessary, thereby theoretically decreasing the risk of iatrogenic fracture.
There were some limitations to our cadaveric study. We had a relatively small sample in each of the examined groups. In this study, we were most interested in determining whether this procedure was safe; the danger to important neurovascular structures was measured and assessed. We were also interested in determining if there was any large difference in range of motion following different trajectories of placement of the SB device; we did not attempt to determine if this effect was statistically significant in this study. Measuring trapeziectomy space height posed a challenge. There is some inherent difficulty measuring the distances of the two rounded surfaces of the scaphoid and first metacarpal bones in a standardized manner. We addressed this problem by measuring the smallest distance between the two bones in all specimens. Another limitation to our study was the lack of a standardized load placed on each of the metacarpals for the loaded trapezial space height measurement However, we feel this is not a major issue as we measured the loaded trapezial space height after the metacarpal was loaded maximally to the point where it no longer migrated proximally, indicative of maximum subsidence.
Our study shows that proximal or distal trajectories for the SB device lead to similar outcomes in range of motion and trapeziectomy space height in a cadaveric model. Similarly, the nerve to the first DI is safely away from the instrumentation regardless of trajectory used. We prefer to use a proximal approach because it may be more physiologic and decreases the tendency to create a stress riser in the index metacarpal. However, our results show that a more distal approach does not significantly alter outcomes.
In fact, in one of our early clinical patients, we found no differences in palmar and radial abduction, thumb opposition and subsidence following a proximal SB trajectory ( Fig. 6 , left side) and a distal SB trajectory ( Fig. 6 , right side) at 24 and 30 months post-operatively, respectively.
Further clinical studies are warranted to determine the true incidence of complications and if there is a difference in clinical outcomes between these two SB device trajectories since this technique is growing in popularity for the treatment of this common thumb ailment.
